The interaction of ferrocene-1,1 ′ -dithiol (FDT) with two parallel Ag(111) surfaces has been theoretically studied at density-functional level. The effect of surface defects on the energetic and electronic structure was investigated. The electronic transport properties are studied with the non-equilibrium Green's function approach. The adsorption geometry has a strong effect on the electronic levels and conductivity. The presence of point defects strongly enhances the molecule-surface interaction but has a surprisingly small effect on the density of states near the Fermi energy. The FDT-surface bond is particularly strong near terraces or steps and leads to significant shifts of the molecular orbitals relative to the gas phase. For all considered defect types except the single adatom the electronic conductivity through the FDT molecule is decreased compared to adsorption on perfect surfaces.
I. INTRODUCTION
Binding of molecules to a metallic surface is one of the longstanding key issues relevant in fields like catalysis 1 , corrosion 2 , friction 3 or photochemistry 4 . By identification of relevant model systems that are accessible to quantitative simulations insight into many detailed mechanisms has been made possible in recent years.
Details of the binding of molecules to metallic surfaces turn out to be also of high relevance to electron transport through single molecules 5 , that may eventually be functionalized as molecular conductors or even as switches inducing conformational changes by external electric fields or light 6 . This is due to the fact that in absence of additional excitations, e.g. by light, only the small section of the molecular energy spectrum in the immediate neighborhood of the Fermi level of metallic electrodes is of relevance to electric transport through the molecule. In a many electron system consisting of molecule plus electrodes an intricate interplay between binding strength, local coordination, density of states (DOS) close to the Fermi level, overlap of wave functions and conductance exists, and our understanding of this interplay is very incomplete. Although metal electrodes are usually crystalline at a microscopic level, the situation is complicated by the fact that defects at the electrode surfaces like point defects and steps must be taken into account. The study presented here in fact emphasizes their importance. Finally, as we will discuss at the end of this paper, the question arises whether conducting and non-conducting molecules of the same sort, but with different coordinations on the metal surface, can be present. In this case, also lateral interactions between the adsorbed molecules must be taken into account, which is beyond the scope of the present study.
In a recent study we investigated the adsorption of ferrocene-1,1 ′ -dithiol (FDT) at the perfect Ag(111) surface 7 . This system was chosen since ferrocene based molecules exhibit a remarkably large conductance without activation thresholds 8, 9 , and a high structural flexibility with respect to rotation of the two cyclopentadienyl (Cp) rings. This was part of an investigation of FDT based molecules acting as molecular wires between silver electrodes.
In this study, we investigate the adsorption of FDT between two perfect and defective Ag(111) surfaces using density functional theory. As possible defects Ag vacancies, single adatoms (tip configuration), small islands, and monoatomic steps have been taken into account. Based on the experience from our previous study we consider the molecule-surface contact via the sulfur atoms.
In most cases we considered S-H dissociation, i.e. a dithiolate was adsorbed. This situation was 3 found to be only slightly more stable than molecular adsorption on perfect Ag(111) surfaces 7 but lead to much better overlap between the molecular orbitals and the silver levels near the Fermi energy. For one case (side-on adsorption of FDT on small silver islands) we also investigated molecular adsorption.
II. TECHNICAL DETAILS
Our calculations were performed within density functional theory employing the generalized gradient approximation for the exchange correlation functional as given by Perdew and Wang 10, 11 as implemented in the VASP code [12] [13] [14] [15] . Plane-waves in combination with the projector augmented wave method 16, 17 have been used in order to expand the Eigenstates.
Most of the computational parameters were the same as described in the previous study 7 : The number of plane-waves was limited by a cut-off energy of 400 eV. All calculations were carried out without spin polarization. Surfaces were modeled within the supercell approach. The basic model is a 4 × 4 slab of the primitive Ag(111) surface unit cell with four atomic layers and 15Åof
vacuum. Brillouin zone integrations were performed using a (3 × 3 × 1) Monkhorst-Pack grid 18 or equivalent sets of special k-points when the cell size needed to be modified. Smearing according to the scheme of Methfessel and Paxton 19 with a smearing width decreased to 0.05eV compared to the previous study 7 has been employed. The positions of all atoms have been relaxed until forces on each atom were smaller than 0.02 eV/Å. Densities of state (DOS) have been extracted from the relaxed structures using P4VASP 20 .
With the present computational setup the calculated Ag bulk lattice constant is 4.16Å, slightly overestimating the experimental value of 4.09Å 21 as typical for gradient corrected functionals. The calculated surface energy is 0.344 eV/atom.
In order to model adsorption of FDT between two Ag electrodes, we benefit from the periodicity along the surface normal. Rather than defining an electrode distance arbitrarily, we used the corresponding cell parameter as a variational parameter in our calculations. In this way, we could obtain an optimal bonding between the two sulfur atoms of FDT and the two sides of the silver slab.
The transport properties calculations were done with the TranSiesta package 22 . It combines the non-equilibrium Green's function (NEGF) formalism 23 with density functional theory which is implemented in the SIESTA code 24 . We use the Perdew-Burke-Ernzerhof 25 exchange-correlation 4 functional and 400 Ry energy cutoff to define real-space grid for the density manipulation. A TZP basis set was used for the iron atom and DZP basis set was used for all other elements. 3p states were added as valence in the pseudopotential of Fe.
Regarding the transport calculations the system was divided into three regions, namely left and right semi-infinite electrodes and a central scattering region containing the FDT molecule and the Ag surface atoms. As surface we define the first three Ag layer, whereas the next layers correspond to the bulk. Our test calculations have shown that a further increase of the number of layers in the surface does not change the results significantly. Taking into account that the left and right leads are in equilibrium and can be described with self-energiesΣ L andΣ R we can define the Green function of the scattering region in the presence of the leads aŝ
whereŜ,Ĥ are overlap matrix and DFT Hamiltonian, respectively, z = e + iδ with δ → 0. This allow us to evaluate the density matrix
L/R ) and to calculate the transmission spectra T (E) =Γ LĜΓRĜ † .
Since the DFT Hamiltonian depends solely on the density matrix, equations (1) and (2) can be iterated until reaching self-consistency.
III. RESULTS AND DISCUSSION

A. Structure and stability
In the following the results of structure optimizations for ferrocene dithiolate adsorption between two parallel Ag(111) surface with and without defects are described. Defects are isolated Ag vacancies, Ag adatoms, small Ag islands, and monoatomic steps. The calculated interaction energies are summarized in Table I . The reaction energies ∆E thiolat and ∆E thiol were obtained from the following reactions:
Surface model According to our definition, negative values of ∆E denote stabilization of the total system due to adsorption. In these calculations the same vectors were used for the cells of the surfaceadsorbate system, the corresponding bare surface, and the isolated molecular species. The gasphase molecules were fully optimized as described earlier 7 To simulate single Ag vacancies, two silver atoms were removed from the first and the fourth layer of the 4 × 4 × 4 slab. We chose identical lateral positions for the two vacancies in order to increase the symmetry of the model. Test calculations revealed that the choice of the defect position has only a small effect on the stability (less than 0.03 eV). The calculated defect formation energy (with respect to gas-phase Ag atoms) is 3.19 eV/Ag at PW91 level. Due to its high formation energy, this type of defect is rather unlikely under experimental conditions (low temperature).
Nevertheless, the genereation of point defects during preparation cannot be completely ruled out because part of the energy is regained by putting the atom back on the surface either as single atom or at steps (see below).
Structures close to those described for the perfect surface were chosen as starting points for the adsorption study between defective surfaces. After optimization, it was found that the sulfur atoms The most stable structure of FDT adsorbed between two surfaces with single adatoms is shown in Fig. 1c ): The molecule is rotated so that the sulfur atoms are in close contact with the silver adatom 32 . Although the distance between the Ag slabs has been optimized, too, the sulfur atoms are not exactly on-top of the Ag adatoms. The S-Ag distance, 2.43Å, is the shortest compared with all other configurations tested. However, the interaction energy ∆E thiolat = −0.31 eV is similar to that on the non-defective surface (Table I) . Although energetically not the most favourable configuration, the low coordination of the S-atoms for this configuration, which is smaller than in all other configurations tested, leads to significant shifts in the DOS with dramatic consequences in transport, as we will show below.
The 4 × 4 × 5 slab was also the basis for the study of small islands on the Ag(111) surface. Four silver atoms in a 2 × 2-arrangement were added on both sides of the slab in a symmetric way. The FDT molecule was placed between the two islands of parallel surfaces in two ways, with the sulfur 7 atoms above the centers of the islands (Fig. 1d) and at a side-on position (Fig. 1e) . The side-on adsorption turned out to be the most stable geometry of all configurations considered in this study.
The interaction energy ∆E thiolat = −1.13 eV is lower by 0.45 eV than that for adsorption on the island centers (Table I ). The side-on adsorption allows the two surfaces to come relatively close to each other. The interlayer distance ∆Z, 10.3Å, is the same as for the Cp-axis-perpendicular adsorption mode between perfect surfaces.
A similar side-on adsorption structure was also studied for the non-dissociated ferrocene dithiol. Its stability ∆E thiol = −0.40 eV, is similar as for adsorption between two perfect surfaces.
The large energetic difference between molecular and dissociated forms of FDT at step island and vacancy sites clearly favors dissociation of the S-H bonds on defected Ag surfaces, contrary to the perfect surface 7 . In order to study possible intermediates, the two hydrogen atoms were removed from ferrocene dithiol and adsorbed at adjacent Ag surface atoms. The most stable configuration was more stable than molecularly adsorbed FDT by 0.26 eV. On the defective surface there is a preference for dissociative adsorption. We have not calculated the activation barriers for hydrogen abstraction, but it is assumed that the barriers are moderately large due to the exothermicity.
As an example for a one-dimensional surface defect, we studied FDT adsorption at a do not allow to find the global minimum from an arbitrary starting point. After a systematic search, the minimum structure shown in Fig. 1f was found. Similar to the 2 × 2 island, the FDT prefers to bind to the step edge in a two-fold configuration. The reaction energy ∆E thiolat = −0.90 eV is not as low as for the side-on island adsorption in the previous model with four Ag adatoms. Although this difference may be an indication of a site dependence of the interaction energy, it can also be due to the finite size of the model (see Fig. 1f ), which prevents the molecule from taking the same optimal side-on position as on the smaller Ag island (Fig. 1e ). An indication of the latter effect is the interlayer distance ∆Z = 11.0Å, which is close to the (less favorable) centered adsorption configuration on the 2 × 2 island.
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B. Electronic structure
In this section a direct view on the electronic structure of the adsorbed FDT molecule will first provide direct evidence for molecular adsorption. Since we are interested in the conductive properties of this molecule adsorbed between two Ag electrodes, we focus on the immediate vicinity of the Fermi level of Ag. For electrical conductance, the unoccupied molecular states play no role, since they are more than 2 eV higher in energy 7 . As we will show, changes in coordination and molecular orientation result in subtle modifications of the projected density of states close to the Fermi level, but in substantial differences in the conductive properties. These are quantified by calculations using the non-equilibrium Green's function technique as implemented in the TranSIESTA code.
As an example, the density of states (DOS) projected onto different parts of the molecule are shown in Fig. 2a ) and b) for the parallel and perpendicular adsorption geometry on defect-free surfaces, respectively (cf. with Fig. 1 ). As is clearly seen by this figure, the DOS, starting at the Fermi-energy (E F , zero point) down to -3 eV, is mainly determined by molecular contributions. In this energy range, the DOS projected onto different orbitals of surface and subsurface silver atoms has a comparatively small weight. However, the 3d-states of Ag(111) contribute significantly to the total DOS starting around -3eV below E F (not shown).
These projected DOS turn out to be fully consistent with the assumption of molecular adsorption of the FDT biradical, as demonstrated also in this figure: By shifting the energy scale of the occupied molecular orbitals of the isolated radical rigidly and adjusting it at the HOMO, we obtained the energy levels indicated by the bars in Fig. 2b ). Also the location of the main electronic density of the isolated radical is consistent with the projections carried out for the adsorbed case.
The relative shifts found here are only a few tenth of an eV, indicating a relatively weak contribution of these π-derived molecular orbitals to the bonding of the molecule. This is even valid for the S-derived π orbitals (HOMO-3 and HOMO-4).
As an extreme case, part of these states have even an effective non-bonding character. This is exemplified by the PDOS of the Fe state located at approximately -2.8 eV as shown in Fig. 3 Here the center position of this state is plotted as a function of the binding energy of the molecule.
Although the molecular binding varies by a factor of more than 3, the position of this peak stays constant within ±0.05 eV except for the adsorption on top of a single Ag adatom (tip configuration), where a shift by +0.2 eV was found. Here the bond by the S atom can only be singly coordinated, whereas is all other cases a doubly coordinated bond was found. The small Ag-S adsorption length for the singly coordinated configuration compared to the other configurations (Tab. I) is a direct consequence. Thus there is a small influence by coordination in this electronic state, but not of binding strength.
There is, however, sensitivity to the local coordination in other parts of the PDOS, as obvious from the peak separation to the next peak at higher energy, which depends much more on configuration both in the projections on the Fe and on the Cp rings. This is particularly true close to the Fermi level for all configurations, and can be seen, e.g., also in Fig. 2 for the main part of the Fe 3d-derived level that is only a few tenth of an eV below the Fermi energy (red curve). For the geometry with the Cp axis parallel to the surface the onset of the main Fe 3d peak is at −0.2 eV, while in the perpendicular adsorption geometry this onset is at −0.5 eV. Since the interaction of the Cp-rings with the substrate is higher for latter configuration, the PDOS of the C-atoms (blue curve, cf. with HOMO-5 and HOMO-6) around -2.8 eV is broadened and the peaks in the DOS are less pronounced. Broadening seems to be in part also caused by a varying extent of (still small) deformation of the molecule, as seen from a comparison of the different defect configurations. The smallest half widths are observed for the FDT molecule adsorbed at step sites. This configuration seems to allow a configuration closer to its undistorted molecular geometry than the other configurations.
The fact that the projections on both the Fe-and the C-states change in a similar way demonstrates that the electronic states are extended over the whole ferrocene molecule in this range of energies. This is important in context with electrical conductance discussed below.
C. Electronic transport
As mentioned, only the occupied electronic states close to the Fermi level are relevant for electrical transport in our case. These states, largely derived from the HOMOs of the isolated radical, are clearly modified by the different bonding configurations investigated here. As expected for orbitals with (slight) bonding character, there is a general downward shift in energy as a function of increasing binding energy, which in most cases, however, is visible only as a change of peak shape of the dominant Fe3d-derived main peak. Thus the DOS at E F depends both on binding strength and on coordination. Fig. 4a ) shows this effect exemplarily for the projection of the DOS onto the Cp-rings within a small interval around E F for all configurations investigated. Projec-tions onto S and Fe atoms have the same tendency. As seen from this figure, there is a significant variation of the electron density in the vicinity of E F depending on the local atomic configuration.
This variation is, as expected, directly correlated with the binding energy E b of the molecule, as long as the bonding character is similar. As explained above, this is the case for all configurations tested except the adatom (tip) configuration, which will be discussed separately below. In order to demonstrate this correlation, we integrated the PDOS of the C-, Fe-and S-states over ±20 meV around E F and plotted the result in Fig. 4b as a function of the binding energy to the Ag surface for all configurations except the adatom configuration. An almost linear dependency is seen, with some deviations for the step-and vacancy-configuration. In these two configurations, the molecular axis of FDT is almost perpendicular to the surface so that small conformational changes in the molecule compared to the other configurations must be expected. These may explain the observed deviations, since already for the adsorption on perfect surfaces the perpendicular configuration turned out to be more sensitive to interactions of the Cp-rings with the contact environment. As already mentioned, the S bond in the adatom (tip) configuration is only singly coordinated, and therefore does not fit into this scheme. A high DOS at E F is seen in this configuration, which is due to the chemical shift induced by the low coordination of the S-atom. This causes high electronic transmissions close to unity as we show below.
In order to demonstrate how different chemical environments determine transport properties, the transmission curves for the above mentioned configurations have been computed using Tran-SIESTA. The same geometries as those determined as the configurations with minimal energies by VASP were used for these calculations. The quality of the pseudopotential and basis sets for Fe, C and H during Siesta/TranSiesta calculations have been tested carefully by comparing the electronic structure of the molecule with all-electron calculations based on Gaussian-type TZVP basis set using CRYSTAL code 28, 29 . Also, we have compared the binding energy and the potential curves of FDT with respect to the Cp-Cp-distance obtained with Siesta and VASP, and good agreement was found. The pseudopotential and basis sets for Ag and S were taken from other theoretical works 30, 31 .
Nevertheless, a direct comparison with full ab initio calculations, and especially the prediction of electric transport, which concentrates on a small section of the energy spectrum around the Fermi energy, is still a challenge. Therefore, it was quite satisfying to see that the projected DOS of the FDT molecule obtained by both methods agree quite well, as shown for the adsorption on the perfect Ag(111) surface (perpendicular orientation)and the adatom contact structure in Fig. 5a ) and b), respectively. These two examples represent the cases of singly and doubly coordinated S-Ag bonds. The increase of the DOS atE F − 0.7eV and below as well as the slight increase in the DOS at E F for the perfect surface are reproduced by both methods. Even closer agreement is obtained for the adatom structure: apart from the bandwidth in the energy window shown, also the sharp peak in the DOS at E F , responsible for high transmission, is reproduced by both TranSIESTA and VASP. There are, of course quantitative differences in the relative intensities and the peaks obtained by VASP are energetically broader. However, the qualitative agreement should allow to see trends in transmittance as a function of coordination and of adsorption strength.
This was done in Fig. 5c ), where we plotted the transmissions at the Fermi energy for the different configurations versus binding energy. Although there is no perfect correlation between transmission and binding energy, there is evidently a qualitative trend of decreasing conductivity with increasing interaction strength. It turns out that the transmittance for adatom configuration corresponds to one conductance quantum, as expected for a singly coordinated bond. In this case no degeneracy is expected so that only one conductance channel is effective at small potential differences between the Ag contacts. This means that this configuration has a fully delocalized state throughout the molecule that extends into the Ag substrate so that an effective coupling is possible. For the doubly coordinated configurations the matching conditions seem to be less perfect, resulting in significantly lower transmission probabilities, which for some configurations are still as high as 0.2. If changes in the density of states at E F play the dominant role in the transmittance, too, a similar dependence on binding energy as for the DOS should result. Indeed, such a trend is found, as shown in Fig. 5 , where transmittance is plotted on a log scale. This may indicate that tunneling processes already play some role, but more detailed quantitative investigations will be necessary before this conclusion can be safely drawn.
Recently we performed transport experiments on this system between ultra-small Ag contacts, and found a stepwise onset of conductance at a value of 25 µS 34 . This is close to the calculated conductance value for a single FDT molecule in between perfect Ag(111) contacts. However, the contacts used are far from an ideal single crystal 34 , and adsorption is expected to first happen on the energetically most favorable sites, which are the defect sites according to our calculations.
From the anti-correlation between binding energies and conductance found in our calculations, these adsorption configurations are expected to exhibit conductance values orders of magnitude lower than those measured. A way around this discrepancy would be the simultaneous adsorption of many molecules, but this is highly improbable. However, this discrepancy can be solved by the following scenario: In experiment the stepwise increase is typically observed only after longer exposure times of FDT to the contacts. This means that the energetically most favorable sites can be saturated before significant conductance is observed. Adsorption of highly conductive molecules on energetically less favored sites would then be stabilized by a non-zero concentration of FDT molecules already present on the surface. Thus high conductance through single molecules would be only possible by collective stabilization. This interesting scenario still has to be veryfied by further experiments and calculations.
IV. SUMMARY AND CONCLUSIONS
Using density functional calculations at GGA level, we calculated binding energies of ferrocene dithiol bound to defective Ag(111) surfaces. Zero-dimensional defects (Ag vacancies and adatoms), one-dimensional defects (steps), and two-dimensional defects (small Ag islands) were taken into account. Ferrocene dithiolate preferably binds to two low-coordinated Ag atoms close to vacancies and at islands and steps. The dissociated dithiolate form is much more stabilized than the molecular dithiol form. Thus we conclude that S-H bond dissociation will occur at steps or islands. The strong S-Ag interaction leads to increased splitting of molecular levels, decreases the overlap with the metal levels near the Fermi energy and, finally, reduces significantly the electronic conductivity. From our calculations we conclude that highly conducting single molecules need collective stabilization by a significant amount of FDT molecules saturating the energetically more favorable, but much less conducting sites on an Ag electrode. Therefore, our future investigations will aim at the effect of lateral interaction between adsorbed ferrocene dithiol molecules on the preferred adsorption site and electronic structure. 
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